We numerically evaluate Bit Error Rate (BER) performance of four-and eight-dimensional modulation formats with Bit-Interleaved Coded Modulation Iterative Detection (BICM-ID) compared with Gray mapped and natural binary mapped two-dimensional formats for high-speed optical communication systems. The BICM-ID, which is composed of a demodulator and a decoder, effectively improves power efficiency of the multi-dimensional formats taking into account receiver sensitivity and transmission capacity per symbol. Further, we quantitatively verify that the BER performances significantly depend on a priori/extrinsic mutual information exchange between a demodulator and a decoder, which is illustrated by Extrinsic Information Transfer (EXIT) chart.
Introduction
Four-dimensional (4-D), eight-dimensional (8-D) and more dimensional formats modulation format have recently attracted attention due to their better power efficiency, namely, higher sensitivity considering the data rate, than the 2-D format which has been used in commercial 100Gbps and beyond per wavelength high-speed optical transmission systems. In such a multi-dimensional format, some components of polarization modes, time-slot modes and/or frequency (wavelength) modes in single-mode fiber as well as IQ modes are comprehensively treated as a single symbol [1] [2] .
On the other hand, coded modulation has been proposed for wireless communication to realize improved performance closer to Shannon limit, where the modulation and coding are combined in a single entity. Bit-Interleaved Coded Modulation Iterative Detection (BICM-ID), which is one of the coded modulations, offers remarkable improvements of BER performance by iteratively exchanging bitwise soft information between a demodulator and a decoder [3] . A few optical transmission experiments have been recently reported using multi-dimensional modulation with the BICM-ID [4] , [5] .
In this paper, BER performances of 4-D and 8-D modulation formats based on Quadrature Phase Shift Keying (QPSK) are analyzed in comparison with those of two different 2-D QPSK formats with numerical simulation. The obtained results quantitatively indicate that the BER performances of 4-D and 8-D QPSKs degraded by unavoidable non-Gray mapping are partially recovered by BICM-ID, and 4-D and 8-D QPSKs comprehensively retain their advantage in terms of power efficiency as compared with the 2-D QPSKs. Further, the Extrinsic Information Transfer (EXIT) charts analyses, which characterize the flow of information between a demodulator and a decoder [6] , are shown to be consistent with the BER performance, so that BICM-ID should be carefully designed to derive good performances of multi-dimensional modulations by means of the EXIT chart. To be noted, multi-dimensional formats in [7] , which consist only of combining n consecutive 2-dimensional M-ary symbols are quite different the ones treated in this letter which consist of subsets of the format in [7] to enlarge minimum Euclid distance. Figure 1 shows the block diagram of BICM-ID system [3] , which is set to exchange bitwise soft information of log likelihood ratio (LLR) up to 10 round trips between a demodulator and a decoder via interleaver and de-interleaver (outer iteration) in this paper. Encoder and Decoder use Low-Density Parity-check Code (LDPC) code defined by Digital Video Broadcasting-Satellite-Second Generation (DVB-S2) [8] with codeword length of 64,800. Two LDPC code rates of 5/6 and of 3/5 are applied to our calculation. Each LDPC code is assumed to have 20 Inner iteration. The length of interleaver is 64,800 highly enough to ensure the LLR values to be uncorrelated.
Calculation model 2.1 System Configuration
At the optical modulator, firstly one bit and four redundancy bits are respectively generated by following calculations, where (b1 b2 b3) and (b1 b2 b3 b5) are respectively LDPC encoded bits to be transmitted by 4-D and 8-D QPSKs; 4-D QPSK:
Then, two and four sets of (2bi-1, 2bi+1-1) are respectively mapped to corresponding number of QPSK consternations to generate 4-D QPSK and 8-D QPSK, where i is an odd number. Each set of (2bi-1, 2bi+1-1) represents I and Q components of QPSK in mutually orthogonal modes of polarization, time-slot modes and/or frequency (wavelength) modes in single-mode fiber. For instance, four-dimensional polarization switched QPSK (4-D PS-QPSK) is formed by (2b1-1, 2b2-1) in X polarization mode and (2b3-1, 2b4-1) in Y mode [9] .
Optical Signal-to-Noise Ratio (OSNR) sensitivities of 4-D and 8-D QPSKs by the above procedures respectively become 3dB and 6dB better than that of 2-D QPSK in Symbol Error Rate (SER) performance due to enlarged Euclid distances between symbols. However, these sensitivity improvements in SER are not directly converted to the improvement in Bit Error Rate (BER), since Gray mappings cannot be realized in these multi-dimensional formats [1] [9]. Although the symbol pairs furthest away from each other is set to be inverted binary codes to minimize bit error in the above procedures, one symbol error of 4-D QPSK and 8-D QPSK respectively become 1.5 bit errors and 2 bit errors on average, according to the relations between the numbers of transmitting bits and adjacent symbols. Due to these bit error increases, OSNR sensitivity improvements of 4-D and 8-D QPSKs in BER performances respectively become much less than 3dB and 6dB in high BER regions, while the respective sensitivities asymptotically approach 3dB and 6dB in small BER regions. 2-D QPSK formats are also generated from the optical modulator in two mapping methods for comparison; namely Gray mapping and non-Gray natural binary mapping. Adjacent symbols on the 2-D plane each differ by one bit in the former, while one of two adjacent symbols differ by two bit in the latter. Similar to 4-D and 8-D QPSKs, each symbol error of natural binary mapped 2-D QPSK becomes 1.5 bit errors on average due to non-Gray mapping, whereas each symbol error of Gray mapped 2-D QPSK remains at 1 bit error.
When outer 7% hard decision forward error correction (HD-FEC) is assumed, where its BER threshold is 4.5×10 -3 [5] , overhead ratios out of the transmitting bits become 22.5% and 44.2% in cases of LDPC code rates of 5/6 and 3/5, respectively. To compare the performances of two LDPCs, 32Gbaud and 45Gbaud are respectively assumed for the two LDPCs in order to transmit the same net rate of 50Gbps at 2-D QPSK, 75Gbps at 4-D QPSK (37.5Gbps per 2-D) and 100Gbps at 8-D QPSK (25Gbps per 2-D). To be noted, transmission speeds per one dimension are respectively reduced by 1.25 dB in 4-D QPSK and by 3dB in 8-D QPSK compared to 2-D QPSKs. In addition, optical noise is added after the modulator, the amount of which determines OSNR conditions. White marks with solid lines in the upper figure show that BERs of Gray-mapped 2-D QPSK. These results illustrate that this format has a single BER cliff irrespective to the number of outer iteration, achieving BER of 4.5x10 -3 at OSNR of around 9.1dB corresponding to BER without LDPC of around 3.6x10 -2 . On the other hands, natural binary mapped 2-D QPSK has several BER cliffs indicated by blue marks with dotted lines, which illustrates that BER performances are 0.5dB improved by the iterations in OSNR sensitivity. The OSNR at BER of 4.5x10 -3 of this formats finally turns into only 0.3dB difference from that of Gray-mapped 2-D QPSK. This result clearly shows that BICM-ID almost recovers the amount of BER deterioration caused by non-Gray mapping.
Orange marks with broken lines in the upper figures show that BERs of 4-D QPSKs. OSNR sensitivity differences from Gray-mapped 2-D QPSK on the condition of no LDPC are around 2.0dB at BER of 4.5x10 -3 and around 1.4dB at BER of 3.6x10 -2 . The decrease of the OSNR sensitivity is due to unavoidable non-Gray mapping in 4-D. This OSNR sensitivity difference of 1.4dB almost turns into the difference between Gray-mapped 2-D QPSK and 4-D with non-iterative BICM, or with only once use of LDPC decoder. Further, BICM-ID improves the OSNR sensitivity up to 1.9dB in total. Eventually, the power efficiency of 4-D QPSK is 0.65dB superior to that of Gray-mapped 2-D QPSK, subtracting 1.25dB of less transmission speed per one dimension.
Similar to the results of 4-D QPSK, BER improvement by BICM-ID is also observed in 8-D QPSK indicated by magenta marks with dash-dotted lines. BICM-ID improves the sensitivity up to 4.0dB compared to Gray-mapped 2-D QPSK. Eventually, the power efficiency of 8-D QPSK is 1.0dB superior to that of Gray-mapped 2-D QPSK, taking account into transmission speed per one dimension. These obtained results show 4-D and 8-D QPSK formats retain their advantage in terms of power efficiency as compared with the 2-D QPSKs thanks to BICM-ID.
In contrast, Fig. 2(b) shows that BER improvements due to BICM-ID are much smaller at the code rate of 3/5 compared to those at the rate of 5/6 for all non-Grayed mapped formats, though absolute OSNR sensitivities are improved due to the larger overhead of LDPC. OSNR sensitivity differences respectively turn into 1.4dB and 3.1dB between 4-D QPSK/8-D QPSK and Gray-mapped 2-D QPSK. These results are respectively converted into only 0.15dB and 0.1dB better power efficiency of 4-D and 8-D QPSK. Therefore, it is necessary to carefully design BICM-ID in order to derive good BER performance improvement. exchange between a demodulator and a decoder in consecutive iterations [6] . As examples, the trajectories of mutual information exchange between natural binary mapped 2-D QPSK demodulator and the decoder are respectively shown by the dotted step type lines in each figure, which respectively move between the broken line and the dotted line with square marks without any intersections. The vertical components of the step type lines represent the demodulator processing, and the horizontal components represent the decoder processing. Each of the trajectories respectively has reached the right edge of the graph, where extrinsic MI value of decoder is 1.0, showing that perfect transmissions were respectively achieved without error with a few iterations corresponding to the number of steps.
EXIT chart
In addition to natural binary mapped 2-D QPSK, 4-D QPSK and 8D-QPSK are also able to have trajectories leading to extrinsic MI value of 1.0 in both figures. These three curves have slopes closer to the one of the decoder curve in the left figure than the right figure, so that BICM-ID works more effectively under LDPC code rate of 5/6. On the other hand, each solid line with white marks, representing Gray mapped 2-D QPSK, have no slope in each figure. This shows that no iteration improvement is expected with BICM-ID, because the trajectory would not have plural steps. Under the lower OSNR conditions, all four curves of demodulators in each figure would move downward and cross the decoder curve, so that no error free transmission is performed any more. These features appearing on the EXIT charts are consistent with the results of BER shown in Figs 2 (a) and (b).
Conclusion
BICM-ID with LDPC code rate of 5/6 was shown by numerical calculations to improve BER performances of 4-D and 8-D QPSK, so that the power efficiencies of them respectively get 0.65dB and 1.0dB superior to that of Gray-mapped 2-D QPSK, despite the degradation of non-Gray mappings. And the obtained BER performances was shown to be consistent with the result of the EXIT chart.
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